In this work the effect of insufficient watering and plant growth regulator melaphen (melamine salt of bis(oxymethyl)-phosphonic acid) on the fatty acid composition and the energy of 5-day etiolated pea seedling mitochondria (Pisum sativum) were studied.
In this work the effect of insufficient watering and plant growth regulator melaphen (melamine salt of bis(oxymethyl)-phosphonic acid) on the fatty acid composition and the energy of 5-day etiolated pea seedling mitochondria (Pisum sativum) were studied.
Isolation of mitochondria from 5-day sprouts epicotyls was performed by differential centrifugation. The rate of mitochondria respiration was measured with the aid of Clarke oxygen electrodes and LP-7 polarograph (Czech Republic). Fatty acid methyl esters (FAMEs) were produced by acidic methanolysis of mitochondrial membrane lipids and FAMEs quantification was performed using a Kristall 2000M chromatograph (Russia) with flame-ionization detector and quarts capillary column SPB-1 (50 m × 0.32 mm, a nonpolar phase layer -0.25 μm).
It has been shown that insufficient watering results in alteration of fatty acid composition in mitochondrial membranes of seedlings. The ratio of the content of С 18 -unsaturated fatty acids to the stearic acid content decreases by 1.5 times. Significant changes are observed in the content of fatty acids with 20 carbon atoms: the ratio of unsaturated fatty acids to saturated fatty acids decreases by 3.3 times. The changes in fatty acid composition of mitochondrial membranes are in correlation with changes in maximum rates of NAD-dependent substrates oxidation (the Pearson's coefficient of correlation for С 18 fatty acids is 0.7651, for С 20 fatty acids -0.963).
INTRODUCTION
The development and, probably, survival of plant in any case are more dependent on availability of water than on any other environmental fac tor. At present, numerous data has been accumulated demonstrating that even weak water deficit affects plant metabolism and thus their growth and development (Ribas-Carbo et al., 2005). Metabolism of plants survived even short-term strong drought could not be recovered (Boyer, 1982) . Water deficit modified cell membra nes which affected their functions and disturbed cell metabolism (Kizis et al., 2001 ). The alterations occur at the level of glycolipids, monogalac tosyl-dia cyl-glycerol and digalactosyl-diacyl-glyce rol (Junior et al., 2008; Sahsah et al., 1988) . The content of unsaturated fatty acids decreases in these lipids which result in the decreasing the membrane "fluidity", alteration in the lipid-protein ratio, and eventually in the activity changes of the enzymes associated with membrane, first of all enzymes which enter into complex of electron-transport chain of mitochondria and chloroplasts (Shugaeva et al., 2007 ). The energy metabolism plays a significant role in adaptive response of the orga nism. Mitochondria play a key role in the energy, oxidation-reduction and metabolic processes in cell (Atkin, Macherel, 2009 ). As known from the literature, regulators of plant growth and development improve their tolerance to biotic and abiotic stresses, to water deficit in parti cu lar (Zhirmunskaya, Shapovalov, 1987) . One of such growth regulators is melaphen -a melami ne salt of bis(oxymetyl)phosphonic acid (Fattakhov, Reznik, Konovalov, 2002):
The aim of this work is to study the effect of insufficient watering and the plant growth regulator -melaphen on the fatty acids composition of lipid fraction of mitochondrial membranes and bioenergetical function of 5-day pea seedling mitochondria.
MATERIALS AND METHODS

Plant material
The study was carried out on mitochondria isolated from pea seedlings (Pisum sativum) obtained in standard conditions and in conditions of insufficient watering.
Pea seeds germination
The seeds from the control group were washed with soap solution and 0.01% КMnO 4 (potassium permanganate) solution and left in water for 60 min. The seeds from the experimental group were placed in 2 × 10 -12 M melaphen solution for 60 min. After 1-day exposure, half of the seeds from the control group and half of the seeds treated with melaphen were placed onto a dry filter paper in open cuvettes. Two days later the seeds were placed into closed cuvettes with periodically watered filter paper and left for 2 days. On the 5th day the amount of germinated seeds was calculated and mitochondria isolated.
Isolation of mitochondria
Isolation of mitochondria from 5-day sprouts epicotyls was performed by a method of (Popov, Ruuge, Starkov, 2003) in our modification. The epicotyls having a length of 1.5 to 5 cm (20-25 g) were placed into a homogenizer cup, poured with an isolation medium in a ratio of 1:2 and then rapidly disintegrated with scissors and homogenized with the aid of a press. The isolation medium comprised: 0.4 M sucrose, 5 mM EDTA, 20 mM КН 2 РО 4 (рН 8.0), 10 mM КСl, 2 mM dithioerythritol, and 0.1% BSA (free of fatty acids). The homogenate was centrifuged at 25 000 g for 5 min. The precipitate was re-suspended in 8 ml of a rinsing medium and centrifuged at 3 000 g for 3 min. The suspension medium comprised: 0.4 M sucrose, 20 mM КН 2 РО 4 , 0.1%. BSA (free of fatty acids), рН 7.4. The supernatant was centrifuged for 10 min at 11 000 g for mitochondria sedimen tation. The sediment was re-suspended in 2-3 ml of solution and contained: 0.4 M suc rose, 20 mM KH 2 PO 4 (pH 7.4), 0.1% BSA (without fatty acids) and mitochondria were precipitated by centrifugation at 11 000 g for 10 min. The suspension of mitochondria (about 6 mg of protein/ml) was stored in ice.
The rate of mitochondria respiration
The rate of mitochondria respiration was measured with the aid of Clarke oxygen electrodes and LP-7 polarograph (Czech Republic). Mitochondria were incubated in a medium containing 0.4 M sucrose, 20 mM HEPES-Tris buffer (рН 7.2), 5 mM КН 2 РО 4 , 4 mM MgCl 2 , 5 мМ EDTA and 0.1% BSA, 10 mM mlate + glutamate, рН 7.4. The rate of respiration was expressed in ng-atom O/(mg protein min).
Fatty acid methyl esters (FAMEs)
Fatty acid methyl esters (FAMEs) were produced by acidic methanolysis of mitochondrial membrane lipids (Carreau, Dubacq, 1979) or using one-step methylation of fatty acids, excluding the extraction of lipids (Wang et al., 2000) . MEFA were purified by the method of thin layer chromatography on the silica plates and hexanol elution. For a quantitative control of the methanolysis process an internal standard, pentadecane, was used. FAME identification FAME identification was performed by gas chromatography-mass-spectrometry (GC-MS) using a Hewlett-Packard-6890 spectrophotometer with a HP-5972 massselective detector and the use of retention times (Golovina, Kuzmenko, 1977) . FAME were separated in the HP-5MS capillary column (30 m × 0.25 mm, phase layer -0.25 μm) at programmed temperature increase from 60 to 285 °С at the rate of 5 °С/min. Evaporator temperature was 250 °С, detector temperature -289 °С. Mass spectra were obtained in the regime of electron impact ionization at 70 eV and the scan rate of 1 sec per mass decade in the scan mass range of 40-450 a.u.m. FAME quantification FAME quantification was performed using a Kristall 2000M chromatograph (Russia) with flame-ionization detector and quarts capillary column SPB-1 (50 m × 0.32 mm, a nonpolar phase layer -0.25 μm). FAME analysis was performed at programmed temperature increase from 120 to 270 °С at the rate of 4 °С/min. Temperature of injector and detector -270 °С; the helium carrier gas rate was 1.5 mL/min. Each sample contained 2 μL of the hexane extract. The FAME content in samples was calculated as the ratio of peak area of a corresponding acid to the sum of peak areas of all found FAMEs.
Unsaturation index
Unsaturation index was calculated as a total percentage of unsaturated fatty acids with a certain number atoms multiplied by the number of double bonds, and divided by 100%. For example, for fatty acids with 18 carbon atoms unsaturation index is equal to (18:2ω6) × 2 + (18:3ω3) × 3 + 18:1ω9 + 18:1ω7/100.
Lipid peroxidation (LPO) activity
Lipid peroxidation (LPO) activity was assessed by fluorescent method (Fletcher, Dillard, Tappel, 1973) . Lipids were extracted by the mixture of chloroform and methanol (2:1). Lipids of mitochondrial membranes (3-5 mg of protein) were extracted in the glass homogenizer for 1 min at 10 °С. Thereafter, equal volume of distilled water was added to the homogenate, and after rapid mixing the homogenate was transferred into 12-mL centrifuge tubes. Samples were centrifuged at 600 g for 5 min. The aliquot (3 mL) of the chloroform (lower) layer was taken, 0.3 mL of methanol was added, and fluorescence was recorded in 10-mm quartz cuvettes with a spectrofluorometer 
Reagents
The following reagents were used: potassium carbonate, methanol, chloroform (Merck, Germany), hexane (Panreac, Spain), acetyl chlo ride (Acros, Belgium), sucrose, Tris, EDTA, FCCP, malate, glutamate, FA-free BSA (Sigma, United States), Hepes (MB Biomedicals, Germany).
RESULTS
Insufficient watering resulted in 3-fold increase in content of LPO products in pea seedling mitochondrial membranes (Fig. 1) .
The treatment of seeds with a 2 × 10 -12 M melaphen solution decreased the content of LPO products to the control values. Insufficient watering promoted LPO accompanied by modification of the fatty acid composition of pea seedling mitochondrial membranes. Water deficit led to the increase in the relative content of saturated and a decrease in the content of unsaturated fatty acids in mitochondrial membranes of pea seedlings ( Table 1) .
The relative content of linoleic acid was reduced by 11%, that of linolenic acid -by 19%. The content of stearic acid increased by 41%, which resulted in the decrease in the total content of С 18 unsaturated fatty acids re lative to the content of stearic acid from 16.61 ± 0.30 to 10.59 ± 0.20. Similar effect of water deficit on the fatty acid composition of the mitochondrial membranes from maize, po tato, and leaves of Arabidopsis thaliana and apricot was observed earlier (Junior et al., The observed alterations possibly influence lipid-protein relation and thus alter the activity of the enzymes associated with the membrane. Indeed, insufficient watering results in a decrease of the maximal rates of NAD-dependent substrates oxidation. The rate of the pair glutamate + malate oxidation in the presence of uncoupling agent (FCCP) drops from 70.0 ± 4.6 down to 48.9 ± 3.2 ng oxygen atom/mg of protein min and the respiratory control rate (RCR) decreases from 2.27 ± 0.1 to 1.7 ± 0.2 ( Table 2) .
The treatment of seeds with a 2 × 10 -12 M melaphen solution before germination prevents the alteration of the oxidative phosphoryla tion efficiency caused by insufficient watering. Moreover, the preliminary treatment with melaphen reduces the rates of NAD-dependent substrates oxidation in the presence of ATP or FCCP to the control values (Table 2 ). Apparently, the described alterations are rela ted with the physicochemical state of mito chondrial membranes.
Indeed the treatment with melaphen protects the unsaturated fatty acid from LPO and prevents thereby from changes in the fatty acid composition of seedling membranes in con dition of insufficient watering (Table 1 ). In the group of seedlings subjected to insufficient watering combined with melaphen treatment (group IW + MF) concentrations of such sa turated fatty acids as lauric, palmitic, and stea ric acids are lower by 65%, 7.5% and 30%, res pectively, than in seedlings subjected to insufficient watering only (group IW). The level of С 18 -unsaturated fatty acids playing an important role in plant resistance to the effect of adverse factors of (Fig. 3) . Changes in physical and chemical properties of mitochondrial membranes resulting in changes in the energy metabolism also affec ted the physiological indices, e. g. seedling growth (Fig. 4) .
As it is evident from Fig. 4 , pea seed treatment with melaphen stimulated root growth by 5 times and sprouts growth by 3.5 
DISCUSSION
Thus, under condition of insufficient watering melaphen decreased the intensity of lipid peroxidation in mitochondrial membranes. As a result, the pool of unsaturated fatty acids containing 18 and 20 carbon atoms in the lipid phase of mitochondrial membranes remained unchanged. The prevention of changes in fatty acid composition of mitochondrial membranes affected the bioenergetic indices: a high activity of the NADH-dehydrogenase complex of the respiratory chain of mitochondria was maintained.
On the basis of the obtained data it is possible to suggest that tolerance to water stress is determined by the cell antioxidant system protecting unsaturated С 18 fatty acids and unsaturated very-long-chain fatty acids against modifications induced by the oxidative stress, e. g. activation of free radical processes (Torres-Franklin et al., 2009). Changes in the С 20 fatty acids in the mitochondrial membrane lipids are noted for the first time. Just the unsaturation coefficient of С 20 fatty acids was correlated with the highest rates of NADdependent substrate oxidation. At the same time, mitochondria of storage organs and seeds are characterized by relatively low rates of oxidation of NAD-dependent substrates. The result of maintenance high activity of NADdependent dehydrogenases is the support the energy processes in cell that promotes the resistance of plant to varying environmental conditions. Under conditions of insufficient watering, protective effect of melaphen is apparently determined by maintenance in the content of unsaturated fatty acids with 18 and 20 carbon atoms in lipid phase of mitochondrial membranes.
